E12
.5 in the mouse migrate to the hippocampal anlage. Cells labeled with BrdU but not GABA are likely to be either cells of a different type or cells that have not yet begun to express their GABAergic phenotype. The fact that BrdU-labeled cells make up only a minority of the GABA-labeled population is expected because we made no effort to remove the entire host ganglionic eminences and the 2 hr BrdU labeling period is likely to only label a small fraction of cells born on that day.
Dlx1/2 Mutant Mice Lack GABAergic Cells in the Hippocampus
The analysis shown above indicates that some GABAergic neurons migrate from the MGE to the hippocampus, but it does not address whether there are other sources for GABAergic interneurons or what fraction of interneurons depend on migration from subcortical sources. Dlx1/2 mutants have a defect in migration to the neocortex and striatum from LGE and MGE slice explants (Anderson et al., 1997a; Marin et al., 2000; S. Anderson et al., submitted). Because of this defect and the 4-fold reduction of GABAergic interneurons in the neocortex of these mice, we elected to use these mice to determine the extent to which the ganglionic eminences contribute to the hippocampal interneuron pool.
We compared the immunohistochemical staining for GABA in the lateral neocortex and hippocampus of postnatal day 0 (P0) control and mutant mice ( Figures 3A-3F ). In wild-type or heterozygous mice (n ϭ 6/6) there were GABAergic cells in all laminae of the hippocampal formation, but with the greatest numbers in the stratum oriens, stratum radiatum, and hilus ( Figure 3C ), consistent with the findings of earlier studies (Freund and Buzsá ki, 1996). In the Dlx1/2 mutant mice, as shown previously, there was roughly a 4-fold reduction in the number of cells stained for GABA in the lateral cortex ( Figures 3E and 3F ). In contrast, no GABA ϩ cells were detectable in the hippocampus of mutant mice (n ϭ 6/6 mutant mice) ( Figure 3D ). It is clear that the lack of GABA staining in the hippocampus of mutant animals was not due to a technical problem with immunodetection in the mutant mice because there was abundant GABA staining in the abnormally formed striatum of the mutant animals ( Figure 3B ). Likewise, no RNA encoding glutamic acid decarboxylase-67 (GAD67), the biosynthetic enzyme for GABA, was detectable in the hippocampal formation ( Figures 3G and 3H ). As reported previously (Sloviter et al., 1996) , there was some expression of GAD67 mRNA in dentate granule cells in the mutant, of nuclei in the stratum radiatum of Dlx1/2 mutant mice (calbindin) and markers of other subtypes of hippocampal neurons. In addition, GABA staining combined with ( Figures 4A and 4B ). To quantify this difference, a blinded observer counted the nuclei from heterozygous nuclear labeling (Figures 5A and 4B) allowed us to roughly determine the proportion of cells in the stratum (n ϭ 3) and mutant mice (n ϭ 3). The results showed an ‫-2ف‬fold decrease in the density of nuclei in the stratum radiatum that were GABAergic. We counted cells in the stratum radiatum of three hippocampal sections from radiatum of mutant mice (Dlx1/2 During development, calbindin is expressed in the din-expressing cells primarily seen in the stratum lacunosum moleculare and pyramidal layer ( Figure 5E ). Intermajority of GABAergic interneurons, although its expression in the cerebral cortex is not limited to interneuestingly, there was extensive neuropil staining with the calbindin antibody in the stratum radiatum of the mutant rons (Alcantara et al., 1996) . In the hippocampus of wildtype and heterozygous mice (n ϭ 3/3) calbindin had a mice ( Figures 5D and 5E ). At this time, we are uncertain of the origin of these fibers although they may be derived distribution similar to GABA with the highest number of cells in the stratum radiatum and stratum oriens (Figures from one of the hippocampal afferent pathways from the septum, entorhinal cortex, or contralateral hippo-5A and 5B, 5D and 5E). In the mutant mice (n ϭ 3/3), calbindin cell body staining was markedly reduced (Figcampus. Next we examined whether the Dlx1/2 mutants had ures 5D and 5E). Unlike the pattern seen with the GABA antibody ( Figure 5B ), there were a few residual calbindefects in other classes of hippocampal cells. There ment of glutamatergic cells. Furthermore, the Dlx1/2 mutation affects the hippocampus more severely than the neocortex. These findings suggest that hippocampal glutamatergic and GABAergic neurons have distinct developmental histories. This is consistent with birthdating studies that demonstrated that hippocampal interneurons have their last mitotic division before hippocampal projection neurons (Soriano et al., 1986 ). We repeated these birthdating studies using single injections of BrdU at E12.5, E14.5, and E16.5, followed by analysis on P0. While most hippocampal pyramidal cells were heavily labeled with BrdU (i.e., became postmitotic) by BrdU injections on E14.5 and E16.5 (data not shown), very few were heavily labeled following E12.5 injections. On the other hand, we found that a substantial portion of the GABAergic cells were double-labeled for BrdU after a single injection of BrdU at E12.5 ( Figure 5C ) and virtually no double labeling was observed in embryos receiving BrdU injections at E14.5 and E16.5 (data not shown).
Nkx2.1 Mutant Mice Lack Distinct Subpopulations of Hippocampal GABAergic Interneurons
Basal telencephalic progenitor cells in mice lacking the Nkx2.1 homeobox gene exhibit a ventral-to-dorsal transformation in their molecular properties that leads to loss of cell types produced by the MGE and an expansion of cell types produced by the LGE (Sussel et al., 1999). Thus, these mutant mice can be used to assess which subtypes of hippocampal interneurons are derived from , so we were unable to examine these neocortex, the Dlx1/2 mutation affects the development of GABAergic neurons and does not affect the developdue to early postnatal lethality of the Nkx2.1 mutants. 
We conclude that many GABAergic interneurons of
Dlx1/2 mutants, we used fluorescent lipophilic dyes (DiI, DiA, and DiQ) to trace axonal projections at P0. In muthe stratum oriens and stratum radiatum, particularly those expressing NPY and somatostatin, are likely to tants and controls, tracer injections into the hippocampal commissure labeled neurons and processes in the originate in the MGE, while the remainder are derived from progenitors cells in other regions. Cajal-Retzius CA1 and CA3 regions ( Figures 7A-7D ). As shown in other studies, neurons in stratum pyramidale were labeled cell markers (Reelin and calretinin) are unchanged in the Nkx2.1 mutant mice (data not shown) implying that the retrogradely; these pyramidal cells extended apical dendrites into stratum radiatum but not into stratum lacunoorigin of these cells is not dependent on the function of Nkx2. Figures 7C and 7D ). Because it is also possible that interneurons in the On the basis of their location in stratum radiatum and detailed anatomical analysis, it has been suggested that stratum radiatum might be involved in regulating axon pathfinding (perhaps by excluding fibers normally deshippocampal interneurons may guide hippocampal commissural axons into stratum radiatum (Super et al., tined to terminate in neighboring laminae), we studied the entorhinal afferents that project to the stratum lacu-1998). To determine if commissural axon targeting is altered in the absence of hippocampal interneurons in nosum moleculare. Entorhinal tracer injections labeled two major projections into the hippocampus: the alvear tants. Importantly, the stratum radiatum received commissural but not entorhinal projections, while stratum pathway (fibers from the entorhinal cortex before they perforate to their final target) and the perforant pathway, lacunosum moleculare received entorhinal but not commissural projections (Figures 7K and 7L ). whose fibers crossed the subiculum to enter stratum lacunosum moleculare (Figures 7E-7H) . The laminar specificity of these projections was unaffected in Dlx1/2 Discussion mutants ( Figures 7F and 7H ). Commissural and entorhinal pathways were directly compared by injecting tracIn this report, we provide evidence that GABAergic hippocampal interneurons are derived from the ganglionic ers with different fluorescence spectra (DiQ and DiA) into the hippocampal commissure and entorhinal cortex eminences and specific hippocampal interneuron subtypes are derived from distinct subcortical progenitor of the same specimen (Figures 7I-7L ). These experiments confirmed that commissural and entorhinal axons zones. We show that the organization of the glutamatergic neurons of the hippocampal CA-fields and the did not overlap in heterozygotes or in homozygous mu- ., 2000) . These data support the possibility that some of the residual cells in the stratum radiatum in the Dlx1/2 mutant mice might be cells derived from the MGE or LGE but unable to adopt a GABAergic fate because they lack the necessary transcriptional effectors. However, our data comparing the numbers of cells lost from the stratum radiatum with the LGE, septum, telencephalic stalk, and parts of the caudal ganglionic eminence. function in the developing basal ganglia (Figure 8) 
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